The article deals with tool wear and the cutting tool wear measurement process of ball nose end mill in the copy milling. In the experiment, we studied cutting tool wear for different types of copy milling operations. The aim was to determine and compare the wear of ball nose end mill for upward ramping and downward ramping, as well as to specify particular steps of the measurement process. In addition, we examined and observed cutter contact areas of ball nose end mill with machined material. In this article, equations for the calculation of parameters of a hemispherical milling cutter are described. The machining strategy was applied to copy milling process for mould milling. For mould milling, DMG DMU 85 monoBLOCK 5-axis CNC milling machine was used. In the experiment, the cutting tool, cutting speed and cutting feed were not changed. The cutting tool wear was measured on Zoller Genius 3s universal measuring machine. The results show different cutting tool wear depending on the copy milling strategy.
Introduction
Ball-end milling is one of the most extensively used machining methods in manufacturing moulds and parts of sculptured surfaces, because the ball-end mill shows a reasonable spatial agreement with a sculptured surface [1] . In flat-end milling, cutting action on each cutting edge element is the same regardless of its axial position in the cutter. On the other hand, in ball end milling, cutting characteristics change along the cutting edge element due to the cutter geometry of the spherical part. Many researchers have proposed analytical models and explained the complex ballend milling characteristics based on the assumption that a complex cutting process can be constructed by an aggregation of oblique cuts [2] [3] [4] [5] [6] .
The sculptured surface machining can be classified as plain cutting, ramping, and contouring [7] . Fig. 1 shows two types of the cutter contact areas on the cutter plane for ramping. The cutter contact area always occurs in the upper half of the cutter plane during the upward ramping. In the downward ramping, the cutter contact area sometimes covers the centre of the cutter plane depending on the machining conditions [6] . Fig. 1. (a) cutter contact area for upward ramping; (b) cutter contact area for downward ramping [6] .
The sculptured surfaces are now produced on CNC milling centres enabling to produce a whole shape on one machine tool in one clamping. The most widely used are 5-axis milling centres. Parts are designed in a CAD system. Designing a part according to the application methods is important [8] . The program for CNC machine tool is generated in a CAM system [9] .
In conventional machining, abrasive wear is dominant [10] . Most of the publications in the field deal with experimental analysis of the mechanism of wear in the ball nose end mill [11] . Koshy et al. [12] , led a machining experimental company with hardened AISI D2 cold work tool steel (58 HRC) using a ball nose end mill to identify the tool wear mechanisms and appropriate cutting parameters, based on the analysis of flank wear patterns. They showed that chipping, adhesion and attrition mechanisms are all responsible for tool wear [12] .
Schulz and Hock [13] used ball end mills with different tilt angles to study tool life and workpiece quality, and they concluded that the down-milling/reverse cut with a tool inclination in the range of 10°~20° represents the optimum machining strategy for high-speed milling in the mould and die making industry [13] .
In the experiment, we determined and compared the wear of ball nose end mill for upward ramping and downward ramping. In this article, equations for calculation of parameters of a hemispherical milling cutter are described.
Material and experimental methods

Tested cutting tool
Application of solid carbide ball nose end mill (specimen) is typical for mould milling. It is related to the kinematics representation of ball nose end mill in copy milling. Parameters of ball nose end mill YG-1are shown in Table 1 . The tested cutting tool material was uncoated cemented carbide. We studied two specimens (ball nose end mills), which were completely identical. Both of them were used for copy milling operations, since we investigated influence of cutter contact areas on the cutter plane on wear of ball nose end mill, which is due to the change of cutter contact area of cutting tool in copy milling operations according to upward and downward ramping. The cutting tool wear of the first specimen was examined for upward ramping (up-copying [14] ) and the cutting tool wear of the other specimen was examined for downward ramping (down-copying [14] ). Tables 2 and 3 .
The kinematics representation of movements of ball nose end mill was implemented in machining of block material. Block material had dimensions of 100×100×60 mm. Model of workpiece was carried out in CAD system. 
Wear test
For copy milling, DMG DMU 85 monoBLOCK 5-axis CNC milling machine was used ( Fig. 2a ). First, the program for CNC machine tool was generated in a CAM system. Cutting fluid was not used in the machining process. As mentioned in section 2.1, we investigated two cutting tools, which were completely identical. For both cutting tests, we set the same cutting conditions (depth of cut, feed rate, and cutting speed). Hence, we intended to investigate just the influence of cutter contact areas on the cutter plane on wear of ball nose end mill for the same cutting parameters. The inclination angle of the workpiece was 15° in the ramping (Fig. 3 ). The cutting test of the first ball nose end mill was performed for upward ramping and the cutting test of the other ball nose end mill was performed for downward ramping.
Since the flank wear of ball nose end mill was dominant, it was measured on Zoller Genius 3s universal measuring machine ( fig. 2b ). The flank wear was measured every 10.75 min equivalent to 2 m length of cut. The machining tests were stopped when the flank wear reached over 0.3 mm or when catastrophic tool failure occurred. 
Cutting conditions
All wear tests were carried out with the following parameters: cutting speed v c = 70 m/min, frequency of spindle rotation n = 1856.8 1/min, feed rate v f = 186 mm/min, depth of cut a p = 0.5 mm, width of cut a e = 0.5 mm, feed per tooth f z = 0.05 mm.
Effective cutting radius and effective cutting speed in ramping
A free form surface can be milled either by upward ramping or downward ramping. Both cases of ramping are shown in Fig. 3 [15] . In the upward ramping, tangential curve is placed on the one side from the axis of rotation of ball nose end mill. In the downward ramping, tangential curve is placed around the axis of rotation of ball nose end mill on the both sides, and crosses the center of rotation of ball nose end mill. The scheme with symbols for upward and downward ramping is shown in Fig. 4 . The center of rotation has not any cutting speeds. The element of cutter edge does not cut in this point. Specification of particular operations is determined by simultaneous movement of ball nose end mill and worpiece inclination. Tonshoff et al. [16] found that the optimum inclined angle is 15° for ball end-milling of block materials.
In technical practice, it is common that parts have different surfaces and thus various value of effective radius, which affects also the value of instantaneous effective cutting speed [4] . It is well know that the increase of cutting speed leads to increasing the flank wear. It is demonstrated in Fig. 5 [17] . The importance of cutting speed can also be seen from the Taylor's equation, as the formula relies only on the cutting speed to estimate tool life (as well as tool wear). Equation 1 is also called Taylor tool-life equation [17] : Determination of effective radius is therefore very important for obtaining the effective cutting speed. Equations for effective radius and effective cutting speed calculation take the following forms [ Since in downward ramping (equation 6), effective radius R ef2 < R ef1 , the effective cutting speed was calculated for R ef1 .
Results
The evaluation of wear test
The next step of the wear measurement process was evaluation of the wear test. First of all, the calibration process of measurement system of Zoller Genius 3 was initiated before the milling. The particular wear measurements were implemented for the first and then the second cutting edge. The average value was determined and inserted to Tables 4 and 5. upward ramping Flank wear values for upward ramping are described in Table 4 and for downward ramping in Table 5 . As written in section 2.3, we measured flank wear and inserted the flank wear values to the tables after every 10.75 min (equivalent to 2 m length of cut). In upward ramping, the flank wear value reached over 0.3 mm after 64.5 min of cutting. As can be seen in measurement No. 8 (Table 4) , the flank wear value on the second tooth is same as the flank wear value in measurement No. 7. It is caused by the chipping of cutting edge. The flank wear increased, but chipping of cutting edge caused that the measured value of flank wear decreased due to the chipping. In downward ramping, the flank wear value reached over 0.3 mm after 86 min of cutting.
The graph in Fig. 6 plotted based on flank wear value of particular measurement expresses the time dependence of flank wear. The time dependence of flank wear for upward and downward ramping was then compared.
As can be seen in Fig. 6 , the flank wear of ball nose end mill in downward ramping is smaller than in upward ramping. We suppose that it is due to two factors. Factor 1 is that effective cutting speed for upward ramping is 2.41 times greater than for downward ramping. As explained in sections 2.5, increase of cutting speed leads to the increase of flank wear. Factor 2 may be that the cutter contact area was greater in downward ramping. 
Measured flank wear in micrographs
The measured flank wear is shown in Fig. 7 . The first two columns are micrographs of flank wear for upward ramping. The other two columns are micrographs of flank wear for downward ramping. 
Conclusion
The aim was to determine the wear of ball nose end mill in dependence of selected strategy of ramping. The tool wear criterion was the flank wear value, because it was dominant. In the experiment, we determined and compared the wear of solid carbide ball nose end mill for upward and downward ramping.
We investigated two cutting tools, which were completely identical. For both cutting tests, we set the same cutting conditions (depth of cut, feed rate, and cutting speed). Then, we investigated influence of cutter contact areas on the cutter plane on wear of ball nose end mill for the same cutting parameters. The cutting test of the first ball nose end mill was performed for upward ramping, and cutting test of the second ball nose end mill was performed for downward ramping. The worn cutter contact areas of ball nose end mill was first calculated and then observed on Zoller Genius 3s universal measuring machine. For wear test, DMG DMU 85 monoBLOCK 5-axis CNC milling machine was used. The cutting tool wear was measured on Zoller Genius 3s universal measuring machine.
The results showed different flank wear according to the copy milling strategy. We measured flank wear every 10.75 min (equivalent to 2 m length of cut) particularly for upward and downward ramping. In upward ramping, the flank wear value reached over 0.3 mm after 64.5 min of cutting. In downward ramping, the flank wear value reached over 0.3 mm after 86 min of cutting. The flank wear of ball nose end mill in downward ramping is smaller than in upward ramping. We suppose that it is caused by two factors:
Factor 1: effective cutting speed for upward ramping is 2.41 times greater than for downward ramping. As explained in section 2.5, the increase of cutting speed leads to the increase of flank wear; Factor 2: cutter contact area was greater in downward ramping.
The study results show that the tool life of ball nose end mill is longer in downward ramping. Hence, selection of downward ramping operation is preferable for copy milling for the case mould milling, when the cutting tool wear is the main criterion. The future study will be complemented by other cutting tool materials (such as high speed steel) and also coated cutting tools. In addition, further research will be completed by longitudinal upward and longitudinal downward ramping. 
